(Received 1 December 2017; accepted 29 December 2017; published online 18 January 2018) Systems with a flat Chern band have been extensively studied for their potential to realize hightemperature fractional quantum Hall states. To experimentally observe the quantum transport properties, a sizable topological gap is highly necessary. Here, taking advantage of the high tunability of two-dimensional (2D) metal-organic frameworks (MOFs), whose crystal structures can be easily tuned using different metal atoms and molecular ligands, we propose a design of a 2D MOF [Tl 2 (C 6 H 4 ) 3 , Tl 2 Ph 3 ] showing nontrivial topological states with an extremely large gap in both the nearly flat Chern band and the Dirac bands. By coordinating p-conjugated thallium ions and benzene rings, crystalline Tl 2 Ph 3 can be formed with Tl and Ph constructing honeycomb and kagome lattices, respectively. The p x,y orbitals of Tl on the honeycomb lattice form ideal p xy four-bands, through which a flat Chern band with a spin-orbit coupling (SOC) gap around 140 meV evolves below the Fermi level. This is the largest SOC gap among all the theoretically proposed organic topological insulators so far. Published by AIP Publishing. https://doi.org/10.1063/1.5017956
The recently proposed flat Chern band (FCB) in twodimensional (2D) structures 1-3 is featured with both exotic band dispersion and topological order, which are signatures of graphene 4, 5 and topological insulators (TIs), 6, 7 respectively. With a smaller bandwidth than both the interaction energy scale and the energy gap between the FCB and its neighboring bands, the kinetic energy of carriers in the FCB is strongly suppressed, which gives rise to exotic topological states [8] [9] [10] [11] because any infinitely small interaction can be significant. Distinguished from other "normal" narrow/flat bands, such as the surface dangling bond or the bulk defect state in semiconductors or the localized state in heavy fermion compounds, which are all topologically trivial, FCB is topologically nontrivial with a well-defined nontrivial Chern number. A flat band with a nontrivial Chern variant is a consequence from a well-balanced effect of lattice hopping, spin-orbit coupling (SOC), and ferromagnetism. Because of the rigorous criteria, except for the theoretical models proposed in Refs. 1-3, no real material has been reported until very recently when the concept of organic topological insulators (OTIs) was proposed. 12, 13 Based on the same theme, two 2D organometallic frameworks were delicately designed to realize FCB, i.e., indium-phenylene and gold-phenalenyl organometallic frameworks. 14, 15 However, due to the weak SOC of In and Au ions, the SOC gap is fairly small, which is around 30 and 8 meV for In-and Au-based metal-organic framework (MOF), respectively. For its potential applications in electronics and spintronics at room temperature, a larger energy gap is highly desirable. In this work, we present a first-principles design to enlarge the SOC gap of a 2D MOF with nontrivial FCB by replacing indium with thallium, which has a stronger SOC while maintaining the symmetry and topology of the MOF system. Our first-principles calculations are carried out within the framework of the Perdew-Burke-Ernzerhof generalized gradient approximation using VASP. 16 All the calculations are performed with a plane-wave cutoff of 600 eV on the 11 Â 11 Â 1 Monkhorst-Pack k-point mesh. The vacuum layer is chosen to be 20 Å thick to ensure decoupling between neighboring slabs. During structural relaxation, all atoms are relaxed until the forces are smaller than 0.01 eV/Å . Figure 1 shows the optimized 2D atomic structure of the Tl 2 Ph 3 lattice, which adopts a mixed honeycomb and kagome lattice by binding p-orbital heavy elements (Tl) with organic ligands (paraphenylene groups). The dashed yellow lines show the unit cell with a lattice constant of 12.70 Å , which contains two Tl ions forming a honeycomb lattice and three paraphenylene groups constructing a kagome lattice. It is worth noting that the Tl 2 Ph 3 lattice resembles the already Published by AIP Publishing. 112, 033301-1 synthesized organic framework with only Tl ions replaced by boroxine rings. 17, 18 Figure 2(b) shows both the band structure on a path intersecting several high symmetry points as labeled in Fig.  2 (a) and the atomic-orbital projected density of states (APDOS) of the Tl 2 Ph 3 lattice without SOC. The band structure indicates that the Tl 2 Ph 3 lattice is a nonmagnetic insulator with a bandgap of about 2.5 eV. The four signature bands indicated by Ref. 14 can be clearly seen in the valence zone near the Fermi level, consisting of two nearly flat bands sandwiching two dispersive bands with a Dirac cone formed at the K point. The top and bottom flat bands are nearly flat in the whole Brillouin zone with narrow bandwidths of 12 meV and 33 meV, respectively. The flat bands and the dispersive bands touch each other at the C point. Moreover, there are also six bands within the energy range between the top and bottom flat bands, which come from the p z orbitals of C and Tl atoms. Comparing Fig. 2(b) with the results shown in Ref. 14, the most significant difference is that the Dirac cone at the K point formed by the two dispersive bands is now well separated from the six p z bands. Considering the similarity between our material and that in Ref. 14, we expect that Tl 2 Ph 3 will also be topologically nontrivial with SOC gaps opening at both the Dirac cone and the C point between flat and Dirac bands.
Then, we include SOC in the first-principles calculation, and the results are shown in Fig. 2 from 12 meV and 33 meV to 140 meV and 89 meV, respectively. We note that all the bands are spin degenerate due to the time-reversal and inversion symmetry, and the system remains intrinsically a band insulator.
Because of the large DOS of the flat band around the Fermi level, with specific electron filling, even an arbitrarily small Coulomb interaction will drive the system into a ferromagnetic ground state based on the Stoner criterion. 19, 20 Thus, we performed a computational experiment by introducing one hole into the unit cell, while maintaining the charge neutrality with a compensating homogenous background charge, through which we can easily separate the spin-up and spin-down bands. It is worth mentioning that the MOF system can be doped using gating experiments, the redox control method, [21] [22] [23] or a radical molecule. 15 Figure 2(d) shows the band structure of the hole-doped Tl 2 Ph 3 lattice. The degenerate spin-up and spindown components are split, with the Fermi level lying in between the two spin-polarized flat bands. The total energy of the Tl 2 Ph 3 lattice in the ferromagnetic ground state is found to be 30 meV lower than that in the spin-unpolarized state, and the antiferromagnetic state is found unstable. The ferromagnetic spins are mainly localized in the Tl honeycomb lattice. As discussed in Ref. 14, the external Zeeman field can provide additional stabilization to the ferromagnetic Tl 2 Ph 3 lattice.
As shown in Fig. 2(d) , the spin splitting U is about 228 meV, which represents the strength of the on-site Coulomb interaction. We summarize in Table I several More importantly, in our Tl 2 Ph 3 system, the direct bandgap D 12 dir ð284 meVÞ is much larger than the flat band width W (140 meV), while D 12 dir ð90 meVÞ is only slightly larger than the bandwidth of the flat band (60 meV) in the In 2 Ph 3 system. The larger this energy scale difference, the more likely the topological properties associated with the FCB, especially the fractional quantum Hall effect to be experimentally measured.
1 It is worth mentioning that these are the largest SOC gaps among all the organic TIs (OTIs) proposed so far, [12] [13] [14] [15] [24] [25] [26] [27] [28] [29] which are even comparable to those of largegap inorganic TIs. [30] [31] [32] [33] Further, to study its topological properties, we will first check the edge states of a semi-infinite Tl 2 Ph 3 lattice by calculating the momentum-resolved edge DOS as the number of chiral edge modes circulating around the boundary is an important signature of the nontrivial flat band. We calculated the edge states by using the Wannier90 package, 34 in which a tight-binding (TB) Hamiltonian in the basis of the maximally localized Wannier functions (MLWFs) is fitted to the first-principles band structures. Using these MLWFs, the edge Green's function of the semi-infinite lattice is constructed using the recursive method, 35 and the local density of states (LDOS) of the edge is calculated. This method provides a direct connectivity between the edge states and the bulk states. The LDOS of a semi-infinite Tl 2 Ph 3 is shown in Figs. 3(b) and 3(c) for spin-up and spin-down components, respectively, where one can clearly see the nontrivial topological edge states that connect the bulk states and form a 1D Dirac cone in both SOC gaps (D 12 and D 23 ). Then, to further confirm the nontrivial topology of the Tl 2 Ph 3 lattice, we have calculated the Chern number (C) and spin Chern number (C s ) using the Kubo formula 36,37 as follows:
where n is the band index, W nk are the eigenstate of eigenvalue e nk of band n, f n is the Fermi distribution function, x=y is the velocity operator, j x is the spin current operator defined as (s z x þ x s z )/2, and s z is the spin operator. The Chern number and spin Chern number are defined as
From Eqs.
(1)- (7), the Chern numbers of each band with different spins are calculated, as marked in Fig. 3(a) . 
Figure 4(a) shows the calculated spin Hall conductance as a function of energy using the first-principles method, which has a quantized value (À2e/4p) within the energy window of both SOC gaps.
The four bands of the Tl 2 Ph 3 lattice can be described by using the p xy four-band TB model, 14 from which we can obtain a better understanding about the FCB in the Tl 2 Ph 3 Fig. 3(a) lattice. The corresponding effective Hamiltonian can be expressed as follows:
in which r z ¼ 61 is the spin eigenvalue, V xx ¼ ikÁa 2 Þ; a 1;2 is the lattice vector. There are three parameters in the model: the next-nearest-neighbor hopping parameter t 1 , the SOC strength k, and the exchange energy for spin splitting M that equals U/2, where U denotes the Coulomb interaction. By fitting the three parameters to the first-principles calculated results, the dispersion of the four p xy bands can be well reproduced, as is shown in Figs. 2(b)-2(d) . The TB model analysis indicates that the SOC gaps (D 12 and D
23
) in the Tl 2 Ph 3 lattice are opened due to the intrinsic SOC of the p x,y orbitals of Tl atoms, given the inversion lattice symmetry that excludes the Rashba SOC effect.
In conclusion, we predicted the existence of a flat Chern band around the Fermi level in a 2D MOF. Our study indicates that the Tl 2 Ph 3 lattice has the largest SOC gap among all the OTIs proposed so far, which is comparable to that of typical large gap inorganic TIs. The flat and Dirac bands mainly originate from p x,y orbitals of Tl atoms with large SOC, resulting in the large SOC gap. By doping one hole per unit cell, FCB can be realized leading to the possible factional quantum anomalous Hall state. Our prediction is valuable in guiding the experimental search for large gap OTIs, and we note that there are still many difficult steps to be completed to perform quantum Hall experiments on this MOF system. N. Su and F. Liu are supported by U.S. DOE-BES (Grant No. DE-FG02-04ER46148). W. Jiang is supported by the National Science Foundation-Material Research Science & Engineering Center (NSF-MRSEC Grant No. DMR-1121252). We also thank the CHPC at the University of Utah and DOE-NERSC for providing the computing resources.
